Introduction
Menin is the product of the tumor suppressor gene MEN1 that is mutated in patients with an inherited tumor syndrome, multiple endocrine neoplasia type I (MEN1) (Pannett and Thakker, 1999; Chandrasekharappa and Teh, 2003) . Recent progress in studying the function of menin suggests that menin has diverse functions, including regulation of gene transcription (Agarwal et al., 1999; Kaji et al., 2001; Lin and Elledge, 2003; Hughes et al., 2004; La et al., 2004a; Schnepp et al., 2004b) , cell proliferation (Kim et al., 1999; Kaji et al., 2001; La et al., 2004b; Ratineau et al., 2004; Schnepp et al., 2004a) , apoptosis (Sayo et al., 2002; Schnepp et al., 2004b) and genome stability (Scappaticci et al., 1992; Jin et al., 2003; Busygina et al., 2004) . Menin is primarily a nuclear protein and possesses two classic nuclear localization signals, NLS1 and NLS2 (Guru et al., 1998) . Typical NLSs consist of multiple positively charged amino-acid residues (Moroianu, 1999) , and these basic residues specifically bind to a soluble transport receptor complex comprising importin a and importin b (Komeili and O'Shea, 2001 ), leading to translocation into the nucleus. As menin associates with chromatin and nuclear matrix (Jin et al., 2003) , directly binds double-stranded DNA (dsDNA) , and regulates gene expression (Agarwal et al., 1999; Kaji et al., 2001; Lin and Elledge, 2003; Hughes et al., 2004; La et al., 2004a; Schnepp et al., 2004b) , its nuclear localization should be essential for its role in regulation of gene transcription.
Our previous work showed that simultaneous deletion of NLS1 and NLS2 in menin attenuates, but does not completely block, menin translocation into the nucleus, suggesting the existence of an additional classic or accessory NLS in menin (La et al., 2004a) . Whereas internal deletion of either of the two NLSs alone does not affect translocation of menin into the nucleus (La et al., 2004a) , it does impair the ability of menin to repress transcription of insulin-like growth factor binding protein 2 (IGFBP-2) (La et al., 2004a) . These results suggest that the NLSs have additional functions beyond their role in nuclear localization. However, as these results were observed from menin NLS deletion mutants and deletion of a stretch of amino-acid residues might affect the general structure of menin, further detailed analysis such as point mutations must be carried out to establish a definitive role of menin NLSs in nuclear translocation and other functions.
Menin has also been shown to induce expression of various genes including Hox genes and the proapoptotic gene caspase 8 (Hughes et al., 2004; Schnepp et al., 2004b; Yokoyama et al., 2004) . Menin induces expression of Hoxc8 and Hoxa9 genes through interacting with histone methyltransfereases, which are crucial for expression of many Hox genes (Hughes et al., 2004; Yokoyama et al., 2004) . The menin NLSs are essential for binding to dsDNA , but it is not clear whether these NLSs are required for coordinating induction and repression of various menin target genes. Moreover, little is known as to whether alteration of the NLSs affects association of menin with chromatin and whether menin binds the IGFBP-2 locus in the genome. Answers to this question will deepen our understanding of how menin regulates gene transcription and the detailed structural requirements for menin in coordinating regulation of gene transcription.
By introducing various point mutations into NLS1, NLS2, and a novel accessory NLS we uncovered, NLSa, we show here the crucial role of the menin NLSs in coordinating both positive and negative regulation of the expression of endogenous menin target genes. Menin specifically binds to the promoter of IGFBP-2 in vivo, but point mutations in menin NLSs block menin binding to the promoter. Furthermore, point mutations in the NLSs compromise not only menin-mediated repression of IGFBP-2 expression but also meninmediated induction of caspase 8 expression. Together, these studies suggest that menin NLSs play an important role in coordinating both positive and negative transcription.
Results

Existence of a novel accessory NLS in menin
We previously showed that internal deletion of both NLS1 (479-497) and NLS2 (588-608) reduces, but does not eliminate, menin enrichment in the nucleus (La et al., 2004a) . As deletion of NLS1 and NLS2 does not completely block menin nuclear translocation, we deleted a large C-terminal portion of menin to determine whether there are any sequences in the C-terminus, in addition to NLS1 and NLS2, that facilitate the nuclear translocation (Figure 1a , CTD). The resulting construct and the constructs for NLS1D and NLS2D were used to generate corresponding recombinant retroviruses to infect menin-null mouse embryonic fibroblasts (MEFs). Wild-type menin and the various mutants were expressed in the infected MEFs as determined by Western blotting (Figure 1b) , and stained by the immunofluorescence-conjugated antibody to determine their distribution in the nucleus and cytoplasm (Figure 1c ). Although internal deletion of both NLS1 and NLS2 reduced menin translocation into the nucleus (Figure 1c , NLS1,2D), deletion of the C-terminus (from aa 479) abolished the nuclear translocation (Figure 1c, CTD) . These results suggest that a sequence in the C-terminus in addition to NLS1 and NLS2 also facilitates menin nuclear translocation.
Point mutations in the accessory NLS impair nuclear translocation of menin Most NLSs consist of multiple closely clustered basic amino-acid residues (Komeili and O'Shea, 2001 ).
Comparing the amino-acid sequences in the C-terminus of menin from human, mouse, rat and zebrafish, we noticed two clusters of basic amino-acid residues: R516, K517, and R527 (cluster 1) and K557, K559, K562, and K569 (cluster 2) (Figure 2a ). These two clusters of basic residues are flanked by the two known NLSs, NLS1 and NLS2 (Figure 2a) . Usually, four basic aminoacid residues from a stretch of six residues can function as a NLS (Guru et al., 1998) . In cluster 2, three basic residues are clustered in a 6-residue stretch, and the fourth basic residue (K569) is six residues apart (Figure 2a ). Although the conserved basic residues do not conform perfectly to a classic NLS, a number of unconventional NLSs have been identified in proteins such as c-myc (Makkerh et al., 1996) .
Interestingly, K557, K559, K562 and K569 are completely conserved among human, mouse, rat and zebrafish ( Figure 2a ). Thus, we tested whether these four basic amino acids play a role in menin nuclear translocation by mutating them to neutral amino-acid alanines (Figure 2b, NLS1, 2Dpm2) . In addition, the other three basic residues, R516, K517 and R527, were also mutated to alanines (Figure 2b, NLS1,2Dpm1 ). Wild-type menin and these menin mutants were transduced into menin-null cells by retroviral infection, and the resulting menin proteins were expressed as expected (Figure 2c) . Mutation of the four basic residues in cluster 2 abolished the enriched nuclear distribution of the NLS1,2Dpm2 mutant, as shown by immunofluorescent staining (Figure 2d, NLS1,2Dpm2 ). In contrast, mutation of the three basic residues in cluster 1 did not dramatically affect the enriched nuclear distribution of the NLS1,2Dpm1 mutant, as most of the mutant still translocated into the nucleus (Figure 2d , NLS1,2Dpm1). These results indicate that the four basic residues in cluster 2 are crucial for the nuclear translocation of menin when both NLS1 and NLS2 are deleted. However, the potential NLS (546-572) consisting of the four basic residues failed to target GFP to the nucleus when fused to the N-terminus of GFP (data not shown, PL), although NLS1 targeted the GFP fusion protein to the nucleus. This result suggests that the potential NLS is an accessory NLS and thus named NLSa. Perhaps NLSa has a low yet significant affinity for the importin complex, and binds the complex for nuclear translocation when both NLS1 and NLS2 are crippled.
Point mutations in any of the individual NLSs alone do not affect menin nuclear translocation The above studies suggest that NLS1, NLS2 and NLSa play a redundant role in menin nuclear translocation because deletion of both NLS1 and NLS2, but not either of them alone, impairs menin nuclear translocation. However, as deletion of NLS1 and NLS2 may affect the overall conformation of menin and thus lead to consequences not solely attributable to a dysfunctional NLS, we introduced point mutations into the NLSs, replacing the positively charged arginines or lysines with neutral alanines, as shown in Figure 3a . Point mutations should generate subtle changes in the protein. Recombinant retroviruses expressing wild-type menin or its various point mutants were transduced to menin-null cells, and similar levels of expression of wild-type or mutant menin in the infected cells were detected by Western blotting (Figure 3b ). Point mutations in each of NLS1, NLS2 and NLSa alone did not affect the nuclear localization of menin mutants, indicating a redundant role of the NLSs in nuclear translocation (Figure 3c ). Moreover, point mutations in both NLS1 and NLS2 (NLS1,2pm) only attenuated translocation of the mutant proteins to the nucleus, but the combined point mutations in NLS1, NLS2 and NLSa effectively blocked the nuclear enrichment of menin ( Figure 3c , NLS1,2,apm). These results not only indicate that combined point mutations in both NLS1 and NLS2 compromise menin nuclear translocation, but also highlight the crucial role of NLSa in facilitating nuclear translocation. Thus, each of the NLSs alone appears to have a redundant role in nuclear translocation.
Intact NLSs are essential for the role of menin in the repression of IGFBP-2 expression As we previously showed that internal deletion of either NLS1 or NLS2 compromises the ability of menin to repress IGFBP-2 transcription (La et al., 2004a) , we sought to further determine whether subtle point mutations in the NLSs affect the role of menin in regulating IGFBP-2 expression. MEFs expressing wild-type menin or various NLS mutants were examined by Western blotting to detect the expression levels of IGFBP-2. Complementation of menin-null cells with wild-type menin repressed expression of IGFBP-2 to B20% of that in vector control cells (Figure 4a , lanes 1 and 2). Notably, point mutations in NLS1, NLS2 and NLSa each compromised the ability of menin to reduce the protein level of IGFBP-2 ( Figure 4a , lanes 3-5). As a control, the level of actin in each of the cell lines was comparable ( Figure 4a , lanes 1-5, bottom panel). Wildtype menin also decreased the level of IGFBP-2 mRNA to B10% of that for the vector control cells (Figure 4b ), but point mutations in each of the NLSs compromised the role of menin in reducing the levels of IGFBP-2 mRNA, as shown by real-time reverse transcriptionpolymerase chain reaction (RT-PCR) ( Figure 4b ). It is unclear why the IGFBP-2 level even further increased almost 17-fold as compared to vector control cells when NLS2 was mutated. Together, these results suggest a crucial role for each of the NLSs in repressing expression of IGFBP-2, at least in part, through regulating IGFBP-2 transcription.
Menin represses IGFBP-2 transcription in a histone deacetylase activity-independent manner Kim et al. (2003) reported that histone deacetylases 1 and 2 (HDAC1 and 2) interact with menin and that menin links HDACs and JunD to repress the promoter containing the JunD binding element based on a luciferase reporter assay (Kim et al., 2003) . In addition, menin-mediated repression of JunD is released by an HDAC inhibitor, Trichostatin A (TSA), in the luciferase reporter assay (Gobl et al., 1999) . As endogenous genes that are coregulated by menin and JunD remain to be identified, endogenous IGFBP-2 can serve as an endogenous target gene to evaluate the involvement of HDACs in menin-inhibited gene expression. Thus, we infected menin-null cells with retroviruses expressing menin, HDAC3 (which interacts with menin, data not shown, ZH) or both menin and HDAC3, to determine the effect of ectopic expression of HDAC3 on the expression of IGFBP-2. Figure 5a shows that both HDAC3 and menin were expressed as expected. The mRNA level of IGFBP-2 was downregulated to B10% of the control from the vector cells, as determined by real-time RT-PCR (Figure 5b ). In addition, ectopic expression of HDAC3 slightly repressed IGFBP-2 expression to B40% of the level for the vector control cells, and the combination of expression of both menin and HDAC3 did not additively or synergistically repress IGFBP-2 expression ( Figure 5b) . As a control, HDAC3 inhibited JunD-mediated transcription based on the luciferase assay (data not shown, PL), indicating the HDAC3 we used worked as a transcription inhibitor in a reporter assay. Thus, these results suggest that menin and HDAC3 do not normally cooperate to inhibit endogenous IGFBP-2 transcription. /100 mm dish on day 0 and the WCLs were isolated on day 2 and analysed by Western blotting using the anti-IGFBP-2 antibody. Western blotting using an anti-actin antibody indicates the equal loading of cell lysates. (b) Quantification of IGFBP-2 mRNA levels by real-time RT-PCR. Total RNA was isolated from the MEFs expressing WT MEN1 and its mutants and used for TaqMan real-time PCR reaction as described in Materials and methods. The results were consistent with that from Northern blotting analysis (data not shown, PL). GAPDH probe was used as an internal control.
To further strengthen the above conclusion, we treated these various cell lines with HDAC inhibitor TSA, then detected IGFBP-2 expression using real-time RT-PCR. Figure 5c shows that TSA increased expression of IGFBP-2 over threefold in menin-null cells with or without ectopic expression of HDAC3, consistent with the role of histone acetylation in activating or maintaining IGFBP-2 expression in the absence of menin. Notably, TSA failed to markedly induce IGFBP-2 expression in the presence of menin expression, suggesting that HDAC activity may not be the major effector of menin-dependent repression of IGFBP-2.
Point mutations in menin NLSs do not affect menin association with chromatin We previously showed that menin associates with chromatin (Jin et al., 2003) . To further determine whether alterations of menin NLSs affect menin subcellular localization, cells expressing one of several menin proteins -wild type, NLS1pm, NLS2pm and NLSapm -were fractionated into chromatin and nuclear matrix fractions, and menin in the various cell fractions was quantitated by Western blotting. As compared with the amount of menin in the whole-cell lysates (WCLs) (only 10% of WCL was loaded for Western blot), B50% of wild-type menin was associated with chromatin fraction (Figure 6b ). Approximately 34, 40 and 27% of NLS1pm, NLS2pm and NLSapm mutants, respectively, were distributed in the chromatin fraction (Figure 6b, lanes 5, 8 and 11 ). Although distribution of all the mutants in the chromatin fraction slightly decreased, the decrease was not significant (P>0.1). These results suggest that mutations in the NLSs do not affect global association of menin with chromatin.
Menin binds to the IGFBP-2 promoter in vivo and the binding requires the intact menin NLSs We further explored whether menin binds the IGFBP-2 locus using chromatin immunoprecipitation (ChIP), and if so, whether point mutations in the NLSs affect menin association with the IGFBP-2 locus. Figure 7 shows that menin bound Fragment I in the IGFBP-2 promoter in vivo (Figure 7 , lane 6), a region overlapping with the Dnase I hypersensitive site we previously identified (La et al., 2004a) . The amount of Fragment I precipitated by the anti-menin antibody was equivalent to about 1% of the input DNA (lane 6, as compared to 4% of the total input DNA, lane 4), whereas the control IgG failed to precipitate this fragment (lane 5). The anti-menin antibody failed to precipitate the fragment in the menin-null cells (lanes 1-3) , indicating that the ChIP assay was specific for in vivo menin-associating DNA. Notably, point mutations in NLS1 (lanes 7-9), NLS2 (lanes 10-12) and NLSa (lanes 13-15) all failed to associate with Fragment I in vivo. In addition, menin did not bind Fragment II of IGFBP-2 (Figure 7b , bottom panel), indicating the specific association of menin with Fragment I in the promoter region, but not with Fragment II in the 5 0 UTR (Figure 7a ). As the NLS2pm mutant had reduced affinity for the anti-menin antibody (data not shown, PL), the true effect of NLS2pm mutations on specific menin targeting to the IGFBP-2 promoter is less clear. However, coupled with the data from the chromatin association experiment (Figure 6 ), these results suggest that menin NLSs are crucial for specific association with the IGFBP-2 locus, but not for global association with chromatin. Perhaps menin's association with chromatin is through domains other than the NLSs or through interacting with other chromatin associating proteins. Conversely, menin may also directly or indirectly associate with a DNA sequence-specific transcription factor that recruit menin to the IGFBP-2 promoter, where menin NLSs bind to the promoter DNA without preference for specific DNA sequence to stabilize the association of the menin complex with the promoter. Thus, the current studies unravel the crucial role of the menin NLSs in targeting menin to a specific region of IGFBP-2, providing novel insights into the domain required for recruiting menin to the promoter of its target genes.
Point mutations in menin NLSs impair menin's ability to induce caspase 8 expression Although menin potently represses IGFBP-2 expression, we also found that multiple genes are induced by menin in our search for menin-regulated genes, using Affymetrix DNA microarray analysis of menin-null and meninexpressing cells (Table 1) . One obvious menin target is caspase 8 that is expressed four-fold higher in meninexpressing cells than in menin-null cells; this result was confirmed by Northern blotting (Schnepp et al., 2004b) .
In addition, we previously demonstrated that menin also binds dsDNA via the positively charged residues in the NLS1 and NLS2 . As menin represses IGBFP-2 expression but upregulates caspase 8 expression (La et al., 2004a; Schnepp et al., 2004b) and minor alterations in menin NLSs compromise the ability of menin to repress IGFBP-2 (Figure 4) , it is conceivable that the same alterations in the menin NLSs may also affect the upregulation of caspase 8 by menin. If this is the case, this result will likely suggest that menin may act as a scaffold or adaptor for various transcriptional regulators to coordinate positive and negative regulation of gene transcription, with the NLS domains playing a crucial role.
Thus, we determined the levels of caspase 8 expression in menin-null cells and in menin-null cells complemented with either wild-type menin or various NLS point mutants. Wild-type menin activated expression of caspase 8 B6-fold as compared to that in vector control cells (Figure 8a ), whereas point mutations in NLS1, NLS2 and NLSa failed to optimally induce caspase 8 expression (Figure 8a ). Further supporting these observations, menin increased the caspase 8 mRNA levels three-fold, as determined by real-time RT-PCR, whereas the three NLS point mutants were compromised in their ability to activate the transcription of caspase 8 (Figure 8b ). These results indicate that point mutations in each of the NLSs compromise menin's ability to fully activate the expression of caspase 8. Meninnull MEFs complemented with vector, menin or its various NLS mutants were used for ChIP assays as described in Materials and methods. As a negative control, rabbit IgG was also used for precipitation. Purified input DNA (4%) was also used as a positive control for PCR amplification. The results were representative of three independent experiments. TSS, transcriptional start site. Genes confirmed by Northern blotting.
Menin NLSs are essential for coordinating gene transcription P La et al However, as menin upregulated the caspase 8 protein level more potently than its mRNA level, it cannot be ruled out that menin also regulates caspase 8 expression at post-transcriptional levels such as protein translation and protein stability.
Discussion
Our detailed site-directed mutagenesis studies on menin NLSs indicate a dual function for each of the three menin NLSs-targeting menin to the nucleus, a redundant function, and coordinating both positive and negative regulation of gene expression. We previously reported that internal deletion of the two NLSs in menin diminishes, but does not abolish, menin nuclear translocation (La et al., 2004a) . By generating a series of menin point mutants involving various menin NLSs, we uncovered a novel accessory NLS, NLSa. Each of the three NLSs, NLS1, NLS2 and NLSa, although alone is redundant for nuclear translocation, is crucial not only for actively repressing IGFBP-2 expression, but also for induction of caspase 8 expression. The minimal NLS structure of menin, i.e., the positively charged residues, is crucial for coordination of repressing IGFBP-2 expression and activating caspase 8 expression. Subtle point mutations in each of menin NLSs did not perturb nuclear translocation but compromised the menin activity in regulating gene transcription (Figures 3c, 4 and 8). These results may suggest that the NLS domains have dual functions -one for nuclear translocation and the other for coordinating gene expression. On the other hand, it is also possible that two functional domains of menin, one being NLS driving the nuclear localization of the protein and the other being involved in the coordinated regulation of gene transcription, overlap partially. It is poorly understood how menin represses gene transcription. Point mutations in menin NLSs do not affect menin association with chromatin ( Figure 6 ), but abrogate its specific binding to the IGFBP-2 promoter in vivo (Figure 7) , suggesting a crucial role of the NLSs in stablizing the binding of menin and perhaps its interacting proteins to the IGFBP-2 locus. Menin represses JunD's transcription activity in a reporter assay, and the repression can be released by an inhibitor (TSA) of histone deacetylases, which are thought to trigger formation of inhibitory chromatin structure by removing the acetyl group in the histone tails (Gobl et al., 1999; Wu and Grunstein, 2000) . In addition, menin has also been shown to interact with HDAC1 and 2 and inhibit JunD in reporter gene assays (Kim et al., 2003) . However, so far it is unclear whether menin cooperates with HDACs to inhibit any endogenous genes. Our data show that menin represses endogenous IGFBP-2, and the positively charged residues in all the NLSs are crucial for this repression (Figure 4) . Importantly, inhibition of HDACs by TSA does not antagonize menin-mediated repression of IGFBP-2, nor does ectopic expression of HDAC3 facilitate menindependent repression of IGFBP-2, although TSA clearly induces expression of IGFBP-2 in the absence of menin (Figure 5c ). Thus, these results suggest that menin is recruited to the endogenous promoter of IGFBP-2 to repress it in an HDAC activity-independent manner. Thus, alternative mechanisms mediating menin-dependent repression should also be explored. However, it cannot be ruled out that HDACs may facilitate meninmediated repression of other menin target genes in vivo.
The three menin NLSs are crucial for coordinating repression of IGFBP-2 and activation of caspase 8. Some transcription factors, such as Smad3, which can bind specific DNA sequences in the promoter of various target genes, either activate or repress gene transcription, depending on interaction with either positive or negative transcription factors that specifically bind the adjacent promoter sequence (Hua et al., 1998 (Hua et al., , 1999 Chen et al., 2002) . We previously reported that the positively charged residues in menin NLS1 and NLS2 are required for binding to dsDNA, perhaps through interaction between positively charged NLS and negatively charged DNA in a sequenceindependent manner . Given that menin also associates with chromatin but only regulates transcription of a small group of target genes, it is conceivable that menin needs to be targeted to a specific DNA element of the IGFBP-2 promoter by associating with other specific DNA binding proteins. Supporting this notion, menin has been shown to interact with various transcription factors such as JunD, nuclear factor-kappa B and the homeobox protein Pem (Poisson et al., 2003) , and to regulate their transcriptional activity in reporter gene assays. Additionally, by associating with either transcriptional corepressors or coactivators, menin may repress or activate transcription of endogenous target genes. The menin NLS structure may facilitate menin association to the promoter of menin target genes via its affinity to chromatin DNA. This notion is supported by our findings that menin specifically binds to the IGFBP-2 promoter in vivo and the NLS mutations abrogate menin binding to the promoter (Figure 7) .
Menin may serve as a scaffold in coordinating repression of IGFBP-2 and upregulation of caspase 8. DNA binding mediated by the various NLSs may stabilize the menin complex by associating with dsDNA in the chromatin. Mutations in the NLSs cripple the function of menin in not only repressing but also activating transcription of endogenous menin target genes (Figures 4 and 8) , and also block menin binding to the IGFBP-2 promoter in vivo (Figure 7b ). Thus, menin may act like a scaffold recruiting either negative or positive transcriptional regulators to control expression of these genes, with the NLSs playing a crucial role in stabilizing association of menin and its interacting proteins with the promoter via the NLS's affinity to dsDNA. Consistent with this, the menin associates with the IGFBP-2 promoter within the Dnase I hypersensitive region (La et al, 2004a) . In addition, both the MEN1-derived mutant outside of the NLSs, K119D, (La et al., 2004a) and mutations in each of the NLSs (Figure 4 ) impair the ability of menin to downregulate IGFBP-2 expression. This suggests that multiple domains in different parts of menin are important for the overall integrity of menin structure and/or interacting with various coregulators. These hypotheses could explain, at least in part, the lack of genotype-phenotype correlation in the MEN1 syndrome (Pannett and Thakker, 1999) , as multiple distinct mutations in multiple domains may eventually lead to unstable menin structure and/or loss of interaction with its important interacting proteins.
The current studies, by focusing on understanding the basic function of the conserved NLSs in regulating gene transcription, reveal that menin NLSs play a role in coordinating negative regulation of IGFBP-2 and positive regulation of caspase 8. These studies have deepened our understanding to the level of positively charged residues in the NLSs that are required for both positive and negative regulation of the menin target genes, thus paving the way to further dissect the interaction of menin and its coregulators in controlling gene transcription.
Materials and methods
Plasmid construction pMX-menin and pMX-2xFlag-menin were constructed by inserting PCR amplified human menin cDNA (U93236) into the BamHI/NotI site of pMX and pMX-2xFlag vectors as previously described (La et al., 2004a) . To generate various point mutations in the NLSs of menin, pMX-2xFlag-menin was used as a template and mutations were introduced to the template using the Quick Change Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA). pMX-2xFlag-menin CTD was generated by deletion of amino-acid residues 479-610 using site-directed mutagenesis. PCR-amplified human HDAC3 cDNA was cloned into the BamHI/NotI site of pMX2xFlag, and packaged into recombinant retroviruses for infecting menin-null MEFs.
Cell culture, generation of recombinant retroviruses and complementation of menin-null MEFs Human embryonic kidney 293 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% (v/v) fetal calf serum, penicillin (100 U/ml) and streptomycin (100 mg/ml), and used for packaging recombinant retroviruses as previously described (Jin et al., 2003) . To generate recombinant retroviruses expressing wild-type menin or its various NLS mutations (NLS1D, NLS2D, NLS1,2D, CTD, NLS1,2Dpm1, NLS1,2Dpm2, NLS1pm, NLS2pm and NLSapm), menin-null MEFs were infected with cognate retroviruses and selected in 2 mg/ml puromycin for 2 days.
Real-time PCR quantification and DNA microarray analysis To quantify IGFBP-2 and caspase 8 mRNA level using realtime PCR, exponentially growing MEF cells were seeded at 0.2 Â 10 6 /100 mm dish. After 2-day culture, total RNA was isolated using Qiagen RNeasy s Mini Kit. Using 5 mg of total RNA as template, real-time PCR reaction was performed on the ABI Prism 7900HT Real-Time PCR system. To investigate the effect of TSA on transcription of IGFBP-2, MEF cells were seeded at 0.2 Â 10 6 /100 mm dish. After 1-day culture, cells were treated with 75 nm TSA (Sigma, Inc., St Louis, MO, USA) for one day before RNA isolation. Taqman probes for caspase 8, IGFBP-2 and GAPDH were purchased from Applied Biosystems (Mm00802247_ml, Mm00492632_m1 and Mm99999915_gl). The RNA sample from each cell line was used for RT-PCR in triplicate reactions. DDCt was used to quantitate the mRNA levels using GAPDH as a control. DNA microarray analysis for identifying menin-induced genes were performed as previously described (La et al., 2004a; Schnepp et al., 2004b) . Briefly, vector or menincomplemented MEFs were seeded at 2.5 Â 10 5 /100 mm dish, and 2 days later the total RNA was isolated from the cells. RNA integrity was verified by viewing the distinct and intact bands for 28S rRNA and 18S rRNA on denaturing agarose gel. To reduce variation in gene expression profiles, two independent preparations of RNA from vector and menincomplemented MEFs were isolated and processed to generate biotin-labeled RNA probes. The probe was hybridized to the Affymetrix Murine GeneChip U74A array at The Penn Microarray Core Facility.
Western blotting and immunofluorescent staining
For Western blotting, MEFs were seeded at 2 Â 10 5 /100 mm dish on day 0. On day 2, the cells were harvested and processed for Western blotting as previously described (La et al., 2003) . Quantification of signals from classic Western blotting was performed by scanning the Western blot image, followed by quantifying the band intensity using Metamorph software. For quantitative Western blotting analysis, Alexa Fluor s 680 antimouse IgG secondary antibody (A21057, Molecular Probes, Eugene, OR, USA) was used. The protein bands bound by the secondary antibody were visualized by scanning on the LI-COR Odyssey IR Imaging System (LI-COR Biosciences), and quantitated by Odyssey IR Imaging System software. Cells were seeded at 5 Â 10 4 cell/coverslip in 12-well plates and processed for immunofluorescent staining with an anti-Flag antibody (M 2 , Sigma, Inc., St Louis, MO, USA), followed by an FITC-conjugated secondary antibody (Jackson ImmunoResearch Laboratories, Inc.) as previously described (Jin et al., 2003) . The stained cells were photographed under a fluorescence microscope (Nikon ECLIPSE E800).
Chromatin fractionation
To examine menin cellular localization, MEFs (1.6 Â 10 6 ). expressing either wild-type menin or its NLS mutants were fractionated into WCL, soluble fraction, chromatin and nuclear matrix, as previously described with certain modifications (Qiao et al., 2001; Zaidi et al., 2001) . Briefly, cell pellets were resuspended in 500 ml permeablized buffer (50 mg digitonin, 10 nM HEPES pH 7.4, 10 nM KCl, 1 nM Na 3 VO 4 , 1 Â protease inhibitors) to remove the soluble fraction. The resulting pellets were digested with 80 units DNase I (Cat. No. 776 785, Roche Applied Science, Nutley, NJ, USA) in 60 ml digestion buffer (50 nM NaCl, 0.3 M sucrose, 10 nM Pipes pH 6.8, 3 nM MgCl 2 , 1nM EGTA, 0.5% Triton X-100, 1 Â protease inhibitors) for 15 min at room temperature, and terminated by addition of 250 nM (NH 4 ) 2 SO 4 . The samples were centrifuged and the resulting supernatants were the chromatin fraction. The remaining pellets after DNase I digestion were extracted by 60 ml SDS protein lysis buffer (20 nM Tris pH 7.5, 1% SDS, 100 nM NaCl, 1 Â protease inhibitors), and the extracted supernatant were nuclear matrix. As a control, 10% of cells from starting samples were extracted in 60 ml protein lysis buffer to obtain WCLs.
Antibodies
Antibodies used for Western blotting and immunofluorescent staining are as follows: anti-Flag (M 2 ) (Sigma, Inc., St Louis, MO, USA), anti-IGFBP-2 (sc-6002) and anti-actin (sc-1615) (Santa Cruz Biotech, Santa Cruz, CA, USA), anti-menin (BL342, Bethyl Laboratory, Montgomery, TX, USA), anticaspase 8 (ALX-804-447-C100, Alexis Biochemicals, Lausen, Switzerland), horse radish peroxidase-conjugated goat antimouse IgG and sheep anti-mouse IgG (A-6154 and A-5906, Sigma, St Louis MO, USA), and FITC-conjugated rabbit antimouse IgG (Jackson Immuno-Res. Lab., West Grove, PA, USA).
ChIP assay
MEFs were seeded at 10 6 cells/100 mm dish on day 0, harvested on day 1, and used for ChIP assays with the ChIP assay kit (Upstate Biotechnology, Lake Placid, NY, USA) according to the manufacturer's instructions. Briefly, chromatin DNA was crosslinked to protein by formaldehyde and sheared by pulsed ultrasonication. Sheared DNA/protein complex was incubated with anti-menin antibody or rabbit IgG overnight. Antibody-precipitated DNA/protein complex was reverse-crosslinked, followed by phenol/chloroform extraction, and the precipitated DNA was used as template for PCR amplification. Primers for Fragment I (Figure 7a ) were 5 0 -GGTTAGGGAAGGACTGAGATAAGG-3 0 and 5 0 -GAT GACCTTGGACTCACAATCCTC-3 0 , and primers for Framgment II were 5 0 -CATGATGCAGGGTGGTATCTCT AC-3 0 and 5 0 -GAGGGATGGACCTCTGACAATAAC-3 0 .
